We have recovered unusual mineral assemblages of diamond, moissanite, zircon, quartz, corundum, rutile, titanite, almandine garnet, kyanite, and andalusite from the peridotites of the Late Triassic Dingqing ophiolite along the Bangong-Nujiang suture zone in south-central Tibet. Diamond grains are 100-300 μm, pale yellow and reddish-orange to colorless, commonly anhedral in habit, and range in morphology from elongated to octahedral and subhedral crystals. They display a characteristic shift in the Raman spectra between 1325 cm -1 and 1333 cm . Chromian spinels in the Dingqing harzburgites and dunites are high-Cr varieties with Cr# = 40.1-49.1 and Cr# = 65.3-69.6, respectively. Recovered diamonds, ultrahigh-pressure, and highly reduced minerals appear to have crystallized and then been encapsulated in chromian spinel grains over a wide range of depth in the diamond stability field near the mantle transition zone. These chromian spinels and their host peridotites were then brought up to shallow mantle levels by the convecting asthenosphere, and were subsequently trapped in a mantle wedge of an intraoceanic subduction zone. The peridotites underwent further partial melting processes and reactions with island arc tholeiitic and boninitic melts, significantly modifying their whole-rock and mineral compositions. The preexisting chromian spinel grains with the inclusions of diamonds and other exotic minerals coalesced to form podiform chromitites during this stage in a suprasubduction zone setting.
INTRODUCTION
Ophiolite-hosted diamonds were first discovered in chromitites of the Luobusa ophiolite in the eastern part of the Yarlung Zangbo suture zone (YZSZ) in Tibet, China (Fang and Bai, 1981) . Since this initial discovery, many more diamonds have been found in both the chromitites and harzburgites of the Luobusa and Dangqiong ophiolites along the YZSZ and in chromitites of some other ophiolites, such as the Ray-Iz ophiolite in the Polar Urals (Russia) and the Hegenshan and Sartohay ophiolites of northern and western China . Diamonds in these ophiolites commonly occur as individual grains and in situ crystals hosted within chromian spinel grains, and are accompanied by a wide range of other ultrahigh-pressure (UHP), ultrareduced, and crustal minerals, some of which also exist as in situ grains .
The discovery of this unusual collection of minerals in ophiolites has raised many questions about their origin, transport, and preservation in the upper mantle peridotites. All of the ophiolite-hosted diamonds recovered so far are distinctly different from kimberlitic (Gurney et al., 2010) , metamorphic (Liou and Tsujimori, 2013) , and impact (Karczemska et al., 2009) varieties in terms of their morphology, mineral inclusions, nitrogen contents, aggregation states, and carbon isotopic compositions Xiong et al., 2016; Moe et al., 2017; Xu et al., 2017) . They have trace element compositions, which are similar to some fibrous diamonds but different from typical kimberlitic varieties. One of the fundamental questions about the occurrence of diamonds and other unusual mineral assemblages in ophiolitic peridotites and chromitites is how and where they were formed and incorporated into these host rocks during ophiolite petrogenesis.
In this paper we document, for the first time, the occurrence of diamonds and UHP and highly reduced minerals in the peridotites of one of the major ophiolite massifs, the Late Triassic Dingqing ophiolite, along the Bangong-Nujiang suture zone (BNSZ) in south-central Tibet. Our discovery of these unusual minerals in ophiolitic peridotites from another suture zone in Tibet shows that such occurrences in ophiolitic peridotites are more widespread than previously thought, and that the incorporation of diamonds and other UHP and highly reduced minerals into the peridotites may have taken place within a wide range of depth in the stability field of diamond near the mantle transition zone. Chromian spinel that formed at these depths was instrumental in encapsulating and transporting these mineral assemblages into shallow mantle levels, where subsequent partial melting events in suprasubduction zone (SSZ) settings played a major role in the formation of podiform chromitites and ultradepleted peridotites. Our data and findings from the Dingqing peridotites suggest that the petrogenesis of ophiolitic peridotites and chromitites may have involved multiple partial melting episodes at different mantle depths.
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GEOLOGICAL SETTING
The BNSZ extends for more than 2500 km across south-central Tibet, and separates the Lhasa terrane in the south from the Qiangtang terrane in the north (Yin and Harrison, 2000) . Well-preserved ophiolite complexes occur discontinuously near Dingqing (Wang, 2000) , Suo and Baxoi (Zhou, 1996) , Dongqiao, Gyanco, Xainza (Girardeau et al., 1984) , Amdo (Lai and Liu, 2003) , Dongco, and Bangong Lake along the suture zone (Shi et al., 2004) . These ophiolites are tectonically intercalated with thick sequences of Jurassic flysch, mélange, and volcanic rock assemblages. The BNSZ ophiolites were emplaced southward onto the Lhasa terrane as the Bangong-Nujiang ocean basin closed during the Late Jurassic-Early Cretaceous (Kapp et al., 2003) .
The suture zone is divided into three segments from west to east: Bangong Lake-Gertse (western), Dongqiao-Amdo (middle), and DingqingNujiang (eastern). The Dingqing ophiolite is the largest mafic-ultramafic body in the western segment of the BNSZ (Fig. 1) , and consists chiefly of a large peridotite massif (~1000 km 2 ) and minor gabbroic rocks and dolerite dikes. The entire complex tectonically overlies an upper Cretaceous mélange, which includes numerous exotic sedimentary and volcanic blocks (Liu et al., 2002; Zhang et al., 1997) . The peridotite massif contains harzburgites and minor dunites (Fig. 2 ). Pyroxenite and gabbronorite dikes and veins locally crosscut the upper mantle peridotites. In the southwest, the ophiolite is in fault contact with Mesozoic volcanic rocks and thrust over Triassic carbonaceous slates. Norian (Late Triassic) cherts locally cover the upper mantle peridotites, and the entire ophiolite and its chert cover are unconformably overlain by a Middle Jurassic conglomeratesandstone sequence. Gabbros in the ophiolite have revealed a U-Pb zircon age of 217.8 ± 1.6 Ma (Qiangba et al., 2009 ), similar to the radiolarian ages of the chert cover on the ophiolite (Wang, 2000) .
Geochemical affinities of the BNSZ ophiolites are not well constrained due to the lack of any systematic comprehensive high-precision geochemistry work on them. Shi et al. (2008) proposed that mafic-ultramafic rocks in the northern part of the Bangong Lake massif (Fig. 1) consist mainly of clinopyroxene harzburgites and lesser amounts of gabbro, dolerite dikes, and pillow lavas, collectively representing the remnants of a midoceanic ridge (MOR) type oceanic crust and mantle. Shi et al. (2008) argued that the massive harzburgites in the southern part of this ophiolite likely represent highly depleted SSZ-type peridotites, based on their compositions. These interpretations suggest, therefore, that the BNSZ ophiolites may archive both MOR-and SSZ-type mantle peridotites and their crustal derivatives, as also documented from many other Tethyan ophiolites (Dilek et al., 1999 (Dilek et al., , 2007 (Dilek et al., , 2008 Dilek and Furnes, 2009 , 2011 Dilek and Thy, 2009; Uysal et al., 2012) .
SAMPLING AND ANALYTICAL METHODS
We examined the dunite and harzburgite outcrops carefully in the field in order to document their contact relationships and the igneous and deformational structures and textures preserved in these peridotites. We then sampled the dunite and harzburgite rocks systematically. Petrographic examination of 50 thin sections provided detailed mineralogical and textural information. We collected ~460 kg of harzburgites for mineral separation (Fig. 1B) , which was carried out at the Institute of Multipurpose Utilization of Mineral Resources, Chinese Academy of Geological Sciences (Zhengzhou), which has a reputation for careful, high-precision mineral separation using a variety of techniques (see Xu et al., 2009 , for a detailed description of the techniques). We selected only fresh peridotite samples free of veins or dikes in order to avoid any contamination. All equipment used for preparation and separation of the samples was carefully cleaned prior to processing. Although in situ diamonds such as those found in the Luobusa and Ray-Iz ophiolites have not yet been discovered in thin sections of the Dingqing peridotites, numerous diamonds and exotic minerals have been recovered in mineral separates.
The separated grains were analyzed with a Nova Nanosem 450 scanning electron microscope (SEM) with an energy-dispersive spectrometer and with a RENISHAW-1000 laser Raman spectrometer in the State Key Laboratory for Continental Tectonics and Dynamics (Beijing). The operating conditions for the SEM were set at a voltage of 20 kV and a beam current of 15 nA (cobalt metal was used for calibration). Selected minerals and thin sections identified by SEM techniques were later analyzed with a JEOL JXA-8100 electron microprobe at the Key Laboratory of Nuclear Resources and Environment, East China Institute of Technology, using an Inca energy-dispersive spectrometer. For mineral analyses, the microprobe was set to operate at a voltage of 15 kV, a beam current of 20 amps, and a spot diameter of 2 mm. For electron backscattered images and X-ray element mapping, we used a voltage of 20 kV, a beam current of 20 nA, and a dwell time of 50 ms. Where needed, mineral identifications were confirmed by X-ray diffraction using the Debye powder method. The instrument used Fe Kα Kβ radiation with a tube voltage of 30 kV and tube current of 20 mA.
MINERALOGY OF THE DINGQING PERIDOTITES

Harzburgite
The harzburgite samples are fresh, dark green, and massive, and mostly have coarse-grained granular textures consisting chiefly of olivine (70-80 modal%) and orthopyroxene (10-20 modal%) with minor clinopyroxene and chromian spinel (Fig. 3A) . Olivine crystals are 1-5 mm in diameter and show deformation lamellae, kink banding, and wavy extinction. Small euhedral crystals of olivine also occur as inclusions in chromian spinel and orthopyroxene grains, and along the grain boundaries of these minerals. Some narrow shear bands are marked by small, granular, and recrystallized grains of olivine. Orthopyroxene in the harzburgites mostly forms large (5-13 mm), typically euhedral to subhedral, tabular crystals, which also show extensive crystal flexing, undulatory extinction, and gliding twins. Small granular crystals of orthopyroxene also occur in narrow shear zones and as inclusions in chromian spinel. Clinopyroxene constitutes <5 modal% of most samples and occurs as small (0.1-1 mm) anhedral grains, typically between olivine and orthopyroxene crystals. The residual chromian spinel in the harzburgites consists of small (0.5-1 mm), subhedral to amoeboidal, interstitial grains or as euhedral inclusions in olivine and orthopyroxene.
Dunite
Dunite commonly occurs as 10-20-m-long, locally to 50-m-long, lenses in the harzburgites ( Fig. 2A ) that are fresh and brown-black to yellowish-brown. The dunite consists chiefly of olivine (95-98 modal%) and orthopyroxene (2%-4%) with minor clinopyroxene and chromian spinel, and has a granular texture (Figs. 2 and 3B). Olivine grains are mostly 0.5-3 mm in diameter, but some olivine grains have been recrystallized to form fine-grained mosaic textures. The larger grains typically show wavy extinction and twinning. Olivine in dunite is variably serpentinized. Chromian spinel is commonly scattered throughout the rock, but is locally concentrated to form disseminated chromitite.
MINERAL CHEMISTRY OF THE DINGQING PERIDOTITES
We obtained 40 microprobe analyses of olivine in the harzburgite and dunite samples; the representative data are presented in Table 1 . Although all of the analyzed olivine is highly magnesian (forsterite, Fo 91.1-91.9 ) [Fo = 100*Mg/(Mg + Fe)], there are significant compositional differences among the olivine grains in various host peridotites.
In the harzburgites, the granular olivine has Fo 91.1-91.4 with NiO contents of 0.34-0.42 wt%, whereas the olivine in the dunite has slightly higher Fo 91.3-91.9 and NiO contents of 0.29-0.42 wt%. Both the Fo values and the Ni contents of olivine in the harzburgite increase near the dunite lenses. All of the olivine in the harzburgites has essentially the same MnO contents of 0.09-0.15 wt%.
Average microprobe analyses of the orthopyroxene in different peridotites are given in Table 2 . The enstatite contents of orthopyroxenes in the depleted harzburgites range from 91.6 to 92.7 and in the dunites range from 91.9 to 93.1 ( Table 2 ). The enstatite contents of the orthopyroxene correlate positively with an increasing depletion of the peridotites. The Al 2 O 3 content of orthopyroxene is quite variable, with 1.72-2.56 wt% in the depleted harzburgites, and 1.1-1.4 wt% in the dunites. Chromium contents in all lithologies are low (0.46-0.71 wt% Cr 2 O 3 ) (Fig. 4) , and CaO contents are typically <1.64 wt%.
Clinopyroxene occurs in the harzburgites, dunites, and chromitites. Although all of the clinopyroxene is made of diopside with enstatite values of 49.4-52.7 (Table 3) , it varies in grain size, crystal form, and composition in different host peridotites. Clinopyroxene in the dunites has Mg# of 93.6-94.8. The Al 2 O 3 content of the clinopyroxene is 0.38-2.34 wt% in the depleted harzburgites. Chromium contents of the clinopyroxene range from 0.47 to 0.97 wt% Cr 2 O 3 , in approximately the same range as Na 2 O, which is typically <0.15 wt%.
Chromian spinel occurs as residual grains in the peridotites and as primary grains in the chromitites. Accessory chromian spinel is common in the mantle peridotites but rarely exceeds 5 modal%. Most of the grains are relatively rich in Cr, but some highly aluminous varieties are present in the harzburgites. There is a wide range of substitution of Cr and Al in the chromian spinels as reflected in their Cr# [ = 100*Cr/(Cr + Al)]. Increasing Cr# values typically correlate with increasing degrees of partial melting in the host peridotites and thus can be sensitive indicators of mantle depletion (Dick and Bullen, 1984) . Mg# values can also indicate the degree of partial melting in mantle peridotites. However, both of these indices can also reflect melt-rock reactions. Most of the residual chromites occur as large, irregular, commonly amoeboid grains. In the highly serpentinized samples, chromian spinels have oxidized rims; therefore, only fresh cores were analyzed in this study. Those chromian spinels in the harzburgites are high Cr with Cr# of 40.1-49.1 and Mg# of 64.3-66.1, and those in the dunites have much higher Cr# (~65.3-69.6) and much lower Mg# (47.1-60.8) (Table 4) . Chromian spinels in upper mantle peridotites rarely become affected by secondary processes. Chromian spinel compositions and standard deviations are given in Table 4 . TiO 2 contents are low in the dunites and in most of the depleted harzburgites (<0.1 wt%).
EXOTIC MINERALS IN THE DINGQING PERIDOTITES
A wide range of exotic minerals, alloys, and native elements has been recovered from the Dingqing harzburgites, including diamond and native Diamonds and other exotic minerals in the Dingqing ophiolite peridotites | THEMED ISSUE www.gsapubs.org | Volume 10 | Number 1 | LITHOSPHERE chromium, oxides including corundum, spinel, rutile, and magnetite, sulfides including pyrite, chalcopyrite, sphalerite, arsenopyrite, and bismuthinite, and silicates including, zircon, garnet, and quartz.
Highly Reduced Minerals
Thus far, more than 20 grains of diamond have been recovered from the Dingqing peridotites. Most of these diamonds are pale yellow, but others are reddish-orange to colorless (Fig. 5) . Diamond grains range from 200 to 400 mm and are mostly anhedral, with only a few octahedral or subhedral forms (Fig. 5) . SEM images show that some diamond grains have well-developed striations (Figs. 5B-5D) ; 10 analyzed grains yielded characteristic Raman spectra with a shift at 1332 cm -1 , similar to diamonds from the Luobusa ophiolite (Xu et al., 2009 ).
More than 20 grains of moissanite have been recovered from the Dingqing peridotites. They are light blue to dark blue, commonly occurring as small fragments and broken crystals 100-300 mm across (Fig. 6A) . The analyzed grains have typical Raman spectra with shifts at 762 cm , and 966 cm -1 (Fig. 6C ). Similar moissanites have been reported from chromitites in the Oman, Luobusa, Sartohay, Hegenshan, and RayIz ophiolites, all of which are similar in color, morphology, and size (Xu et al., 2009; Robinson et al., 2015; Yang et al., 2014) .
Oxide Minerals
Many grains of corundum have been recovered from the Dingqing peridotites. Typical grains are pink to colorless, 1 mm or more across, with irregular to blocky shapes (Figs. 7A, 7B) . Energy-dispersive X-ray spectroscopy analyses show that these corundum grains have ~98-99 wt% Al 2 O 3 (Fig. 7D) .
Ten grains of rutile have been recovered from the Dingqing peridotites. They form deep red, irregular or anhedral crystals ranging from ~80 to 200 mm across (Figs. 7C, 7E ). The analyzed grains have typical Raman spectra with shifts at 237.13 cm , and 606.79 cm -1 (Fig. 7E) . The 14 grains of zircon recovered from the Dingqing peridotites are colorless to light yellowish-brown, prismatic to anhedral crystals, ranging in size from 100 to 200 µm (Figs. 8A-8E) .
Wüstite occurs as small spheres, generally 50-200 mm in diameter, and also as single crystals and as rims on the spheres of native Fe. The wüstite compositions are shown in the energy spectra in Figure 9 .
Sulfides
Sulfides are abundant in the Dingqing peridotites (Fig. 10) , and include pyrite, chalcopyrite, molybdenite, and galena (Table 5) . They form brassy yellow grains as large as 300 mm across and have a variety of common forms, including cubic, octahedral, pyritohedral, and various combinations of these crystal habits.
MELT EVOLUTION OF THE DINGQING PERIDOTITES
The clinopyroxene contents of peridotites reflect the degree of their depletion (Fig. 4) because the equilibrium between olivine and melt remains unchanged by H 2 O input (Gaetani and Grove, 1998) , the forsterite composition of olivine yields the total degree of partial melting undergone by the peridotites. Based on these criteria, we determine that the Dingqing peridotites, which contain varying amounts of clinopyroxene and olivine with high forsterite compositions (Fo 91.1-91.8 ), underwent different degrees of partial melting. It is known that Al contents of pyroxene and spinel are sensitive to the degree of partial melting of mantle rocks and www.gsapubs.org | Volume 10 | Number 1 | LITHOSPHERE that they systematically decrease as the peridotites become more depleted (e.g., Dick and Natland, 1996; Zhou et al., 2014 (Fig. 4C) . The Dingqing orthopyroxenes and clinopyroxenes plot in the field of forearc peridotites ( Fig. 4B, 4C ; Pagé et al., 2008) . Porphyroclastic orthopyroxenes in the peridotites show compositional zoning in major oxide contents from their core to the rim. These compositional variations suggest that the orthopyroxene chemical compositions in the harzburgites and dunites were affected by melt extraction. The correlation between the Cr# values of spinels and the forsterite compositions of olivines reveals that our peridotite samples follow the typical olivine-spinel mantle array (OSMA) (Arai, 1994) . We infer that the Dingqing harzburgites are the residues of high degrees of partial melting (~17%-22%), whereas the dunites represent the residues of 33%-38% partial melting. Both harzburgites and dunites show compositional features similar to those of SSZ peridotites in the OSMA diagram (Fig. 4D ). This interpretation is consistent with the boninitic character (enrichment in Si, Mg, and large ion lithophile elements, and depletion in high field strength elements) of the gabbro and dolerite dike rocks in the Dingqing ophiolite.
ORIGIN OF DIAMONDS AND OTHER UNUSUAL MINERALS IN DINGQING PERIDOTITES
Old and dense lithospheric slabs may be subducted down into the mantle transition zone (410-660 km) and perhaps even deeper (Billen et al., 2010) . Because of the refrigeration effect of continued subduction, the transition zone is thought to be slightly cooler and more hydrous than the overlying MORB (mid-oceanic ridge basalt) mantle (Maruyama et al., 2007) and to consist of a mixture of subducted crustal material (Yamamoto et al., 2009; Yang et al., 2014) and highly reduced phases from the lower mantle (Rudashevsky et al., 1987) . Based on the discoveries of the UHP, highly reduced, and crustal silicate minerals found in massive chromitites, we suggest that the chromian spinel grains in the Dingqing peridotites might have crystallized at variable depths above the mantle transition zone where these various components were mixed (Xiong et al., 2016) . Chromite crystallization here might have occurred as a result of decomposition of an earlier formed UHP phase (calcium ferrite, CaFe 2 O 4 ; spinel) at pressures >12.5 GPa (>380 km depth) (Yamamoto et al., 2009; Wu et al., 2016) . We posit that this chromian spinel may have formed under low oxygen fugacity (fO 2 ) and high Fe 3+ /ΣFe, and would have encapsulated diamonds and other UHP minerals from carbon-rich fluids. It seems logical that such minerals could have easily survived exhumation and melt-rock reactions if they were protected by resistant minerals, such as chromitites . Because many of the diamonds recovered from both peridotites and chromitites contain highly reduced and UHP mineral inclusions, these diamonds probably crystallized over a wide depth range in the diamond stability field. They were subsequently incorporated into chromian spinel grains, which at some stage coalesced to form podiform chromitites. Preservation of the diamonds and other minerals was likely facilitated by their incorporation into the chromian spinel grains, but our findings demonstrate that diamonds may also persist far outside their stability field in the mantle peridotites.
Diamond, moissanite, and other deep mantle minerals are reported here for the first time from the Dingqing peridotites along the BNSZ. These findings are similar to the exotic minerals found in the chromitites and peridotites of numerous other ophiolites elsewhere along the YZSZ, e.g., the Luobusa, Xigaze, Zedang, Purang, Dangqiong, and Dongbo massifs (Xiong et al., , 2016 Yang et al., 2014) . Thus, our findings confirm that diamonds and other exotic minerals are not the intrinsic components of the Yarlung Zangbo ophiolites only, but that they occur in the both chromitites and peridotites of other, different aged ophiolites within different suture zones.
Diamonds recovered from the Cr-31 orebody of the Luobusa ophiolite are colorless, transparent, euhedral crystals, 100-200 mm across, with octahedral, dodecahedron, and cuboctahedral forms (Xu et al., 2009) . Corundum is relatively common in mineral separates from some YZSZ localities, and occurs as crystal fragments as much as several millimeters long. Some of the more unusual phases reported from the chromitites (e.g., silicides, carbides, nitrides) occur as inclusions in corundum . Corundum also contains inclusions of the UHP assemblages , the phases that require very low fO 2 , including native V, and minerals of TiC and TiN. Highly rounded zircon grains with ages much older than the ophiolites in which they occur have inclusions and trace element compositions clearly indicating a crustal origin. They were likely derived from sediments introduced into the upper mantle during subduction. Similar exotic minerals and crustally derived zircons have also been recovered from the Ray-Iz ophiolite in Polar Russia Robinson et al., 2015) , and from the Hegenshan and Sartohay ophiolites in the Central Asian orogenic belt in northern and western China, respectively . The widespread distribution of these exotic minerals in different ophiolites with significantly different ages and mantle domains indicate that they may exist widely in the ancient upper mantle peridotites (Yang et al., 2007 Xu et al., 2009 ). The corollary of this interpretation is that such exotic minerals may also occur extensively in the modern oceanic mantle lithosphere.
CONCLUSIONS
The Late Triassic Dingqing ophiolite along the BNSZ in south-central Tibet consists of upper mantle peridotites, gabbros, and mafic dikes with SSZ geochemical affinities. Newly recovered diamond, UHP, highly reduced, and crustal minerals from the Dingqing peridotites indicate that these unusual mineral assemblages with inferred crystallization depths within and near the mantle transition zone are more widely distributed in the ancient upper mantle than previously thought. Incorporation as inclusions of these minerals into chromian spinel grains, which formed under low f O 2 and high Fe 3+ /ΣFe ratios at pressures >12.5 GPa (>380 km at depth), helped their preservation and upward transport into shallow levels in the convecting asthenospheric mantle. Hydrous melting of the peridotites in a mantle wedge above an intraoceanic subduction zone in the Bangong-Nujiang ocean basin resulted in the formation of ultra depleted peridotites with podiform chromitites and boninitc crustal rocks that are now discontinuously exposed along the BNSZ. 
